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Genetic Diversity for Restriction Fragment Length Polymorphisms:
Relation to Estimated Genetic Effects in Maize Inbreds
Abstract
Restriction fragment length polymorphisms (RFLPs) have been proposed for investigating relationships
among inbred lines and predicting heterosis and performance of single-cross hybrids in maize (Zea mays L.).
Such use was evaluated in 20 maize inbreds classified as first-cycle, second-cycle, good, and poor lines, and in
diallel crosses within types. Eight generations (parents, F1, F2, F3, backcrosses, and backcrosses selfed) from
67 crosses were evaluated for grain yield in five Iowa environments. Genetic effects were estimated from
generation means by ordinary diallel analyses and the Eberhart-Gardner genetic model. Poor inbreds showed
significantly greater average heterosis than did good lines. Estimates of additive ✕ additive epistatic effects
were negative and highly significant in all except first-cycle lines. Using two restriction enzymes and 82
genomic) DNA probes distributed throughout the maize genome, all but one probe revealed polymorphisms
with at least one enzyme (~4.5 variants per RFLP locus). Genetic distances between lines within types were
estimated as Rogers' distances (RD). Within diallel sets, RD values were partitioned into general (GRD)and
specific (SRD). All four types of lines showed similar means and substantial variation for RD; GRD explained
~40% of the variation among RD values. Cluster analyses revealed associations among lines generally
consistent with expectations based on known pedigrees. Correlations of RD and SRD with F1 yield heterosis,
specific heterosis, and specific combining ability were positive but small (r = ≤ 0.50) when combined for all
crosses. Results indicated that RFLPs can be used to investigate pedigree relationships among maize inbreds,
but also suggest that RFLP-based genetic distance measures are of limited use in predicting heterotic
performance of single crosses between unrelated lines.
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Genetic Diversity for Restriction Fragment Length Polymorphisms:
Relation to Estimated Genetic Effects in Maize Inbreds
A. E. Melchinger, M. Lee,* K. R. Lamkey, and W. L. Woodman
ABSTRACT
Restriction fragment length polymorphisms (RFLPs) have been
proposed for investigating relationships among inbred lines and pre-
dicting heterosis and performance of single-cross hybrids in maize
(Zea mays L.). Such use was evaluated in 20 maize inbreds classified
as first-cycle, second-cycle, good, and poor lines, and in diallel
crosses within types. Eight generations (parents, F~, F2, F3, back-
crosses, and backcrosses seifed) from 67 crosses were evaluated for
grain yield in five Iowa environments. Genetic effects were stimated
from generation means by ordinary diallel analyses and the Eber-
hart-Gardner genetic model. Poor inbreds showed significantly
greater average heterosis than did good lines. Estimates of additive
× additive pistatic effects were negative and highly significant in
all except first-cycle lines. Using two restriction enzymes and 82
genomic ~)NA probes distributed throughout the maize genome, all
but one probe revealed polymorphisms with at least one enzyme
(~4.5 variants per P.~LP locus). Genetic distances between lines
within types were stimated as Rogers’ distances (RD). Within diallel
sets, p.B values were partitioned into general (GRD) and specific
(sPA)). All four types of lines showed similar means and substantial
variation for Ira; GRD explained ~40% of the variation among ~D
values. Cluster analyses revealed associations among lines generally
consistent with expectations based on known pedigrees. Correlations
of RD and SaD with F1 yield heterosis, specific heterosis, and specific
combining ability were positive but small (r = _< 0.50) when com-
bined for all crosses. Results indicated that RFLPs can be used to
investigate pedigree relationships among maize inbreds, but also
suggest that Rt’LP-based genetic distance measures are of limited
nse in predicting heterotic performance of single crosses between
unrelated lines.
EIGHTY YEARS AFTER SHULL’S (1909) PROPOSAL hybrid breeding in maize (Zea mays L.), recog-
nition of lines with superior cross performance is still
the most costly and time-consuming phase in hybrid
development programs. The general procedure is to
assess the performance of crosses between lines from
different heterotic patterns through extensive field
tests (Hallauer et al., 1988). If inbred lines themselves
could be screened, and superior crosses predicted be-
fore field evaluation, this would greatly enhance the
efficiency of hybrid breeding programs.
Genetic diversity between lines for molecular mark-
ers has been considered as a possible avenue for pre-
dicting the hybrid performance and heterosis of
crosses. The impetus for this approach stems from the
positive association between heterosis and indirect
measures of genetic diversity (e.g., morphological di-
versity, degree ofunrelatedness, distance between geo-
graphic origins) reported for crosses among inbreds
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and, within limits, for interracial variety crosses of
maize (for a review, see Hallauer et al., 1988). Fur-
thermore, quantitative genetic theory (Falconer, 1981)
shows that for any degree of dominance greater than
zero, the heterosis expressed in a cross is a function
of the allele-frequency differences in the parents.
Several studies have tried to relate isozyme diver-
sity in maize inbreds with hybrid performance. In
diallel experiments involving selected lines and 8 to
15 isozyme loci, correlations between the number of
heterozygous enzyme loci and hybrid yield or specific
combining ability (SCA) were mostly positive but gen-
erally too small to be of predictive value (Hunter and
Kannenberg, 1971; Heidrich-Sobrinho and Cordeiro,
1975; Gonella and Peterson, 1978; Hadjinov et al.,
1982). Price et al. (1986) related grain yield of 166 
169 single crosses with heterozygosity at 13 poly-
morphic isozyme loci. They found that cross perform-
ance was not predictably associated with the number
of heterozygous isozyme loci. Lamkey et al. (1987)
evaluated factorial crosses produced from sets of high-
yielding and low-yielding lines derived from the Iowa
Stiff Stalk Synthetic (Bsss) maize population. Their
results suggested that allelic differences at enzyme loci
are not predictive of the performance of crosses be-
tween lines developed from random mating popula-
tions. Frei et al. (1986) related isozyme dissimilarity
of inbreds to grain yield of single crosses produced
from inbreds with similar and diverse pedigrees. They
found a general association of isozyme dissimilarity
with higher yield, but the predictive value was re-
stricted to lines with similar pedigree background, and
specific lines showed deviations from the general pat-
tern.
Major limitations of isozyme studies could be the
number of loci examined and the number of poly-
morphisms detected. Use of RFLPs as genetic mark-
ers has been suggested to overcome these constraints
(Burr et al., 1983). In maize, an almost unlimited
number of RFLP loci exists, and large numbers of po-
lymorphisms (Helentjaris et al., 1985; Evola et al.,
1986) have allowed construction of well-populated
RFLP linkage maps (Helentjaris, 1987; Coe et al., 1988;
Burr et al., 1988). Early results obtained for RFLP-
based genetic distance estimates are inconsistent. In a
diallel experiment involving eight inbreds from dif-
ferent heterotic patterns, Lee et al. (1989) found sig-
nificant correlations of grain yield and SCA with ge-
netic distances determined from the RFLP analyses of
33 DNA probes with five restriction enzymes. In con-
trast, Godshalk et al. (1990) found no association be-
tween genetic distance determined from 47 RFLP loci
and hybrid performance of 47 single crosses consisting
mainly of lines from different heterotic patterns.
We have found no published reports on maize in
which the relationship between genetic diversity for
molecular markers and both hybrid yield and heter-
osis have been investigated simultaneously. Our pri-
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mary objectives in this study were to (i) determine the
amount of genetic variation for RFLP in older maize
inbreds; (ii) estimate RFLP-based genetic distances
within four types of inbreds (first-cycle, second-cycle,
good, and poor lines) and investigate their relation-
ship to heterosis for yield; and (iii) evaluate the use-
fulness of genetic-distance measures in predicting the
performance of single-cross hybrids in maize.
MATERIALS AND METHODS
The field data reanalyzed in this study were taken from
an experiment previously described by Darrah and Hallauer
(1972). Briefly, their investigation involved 22 maize inbred
lines, categorized into four types: Set 1, first-cycle inbreds
isolated from open-pollinated varieties; Set 2, second-cycle
inbreds selected either from planned crosses or improved
synthetics; Set 3, good lines; and Set 4, poor lines according
to prior information on agronomic features and general
combining ability. Each set contained seven inbreds (with
some lines classified twice, into two sets) that were mated
in a diallel series to produce the 21 possible FI crosses, their
FES and F3s, backcrosses to both parents (BC1, BC2), and
backcrosses selfed (BS 1, BS2). Because two inbreds [B53 and
(B38 × B217) sel.] had been lost during line maintenance,
only 20 out of 22 lines could be used for the joint analysis
of molecular and field data reported here. The classification
of these lines into the four sets and their genetic background
is given in Table 1.
All eight generations (including the parent lines) were
evaluated in field trials at five Iowa location-year environ-
ments: Ames and Martinsburg in 1968 and 1969, and An-
keny in 1968. The experimental design was a 9 X 10 simple
rectangular lattice for each generation. Each genotype was
tested as a single entry, except the parent lines, which were
included as triple entries. Further details concerning the ar-
rangement and conduct of field experiments are given by
Darrah and Hallauer (1972).
The only character analyzed in the present study was grain
yield (converted to Mg ha-i) harvested from dried ears of
10 competitive plants in single-row plots of 17 plants with
an average plant density of 44 500 plants ha-1. Simple rec-
tangular-lattice analyses of variance were performed on each
generation in each environment by using the complete data
set of Darrah and Hallauer (1972). Adjusted entry means
and effective error mean squares were obtained for further
use in the combined analyses of variance across environ-
ments. For the inbreds, lattice-adjusted means were aver-
Table 1. Classification and source of maize inbred lines used in this
study.
Line Source Line Source
Set 1 (first-cycle ines)
Hy Illinois High Yield
I159 Iodent
I205 Iodent
L289 Lancaster Sure Crop
L317 Lancaster Sure Crop
Wf9 Reid Yellow Dent
38-11 Funk 176 A
Set 3 (good lines)~"
A619 (A171 X Oh43) X Oh43
B46 (W22 × BI0) selected
BS0 (MI4 × A206) X Oh4c
B55 (Oh45 X W92) selected
B57 Midland-125-2-1
Set 2 (second-cycle lines)
A619 (A171 X Oh43) X Oh43
BI4 BSSS (CO)
B37 BSSS (CO)
BS0 (M14 X A206) × Oh4c
B54 BSCB#1 (CO)
B55 (Oh45 × W92) selected
Set 4 (poor lines)~"
B38 (HO × BI0) × B10
B39 BSSS (CO)
B44 BSSS (CO)
B52 MRI64
B54 BSCB#1 (CO)
L289 Lancaster Sure Crop
R177 Snelling Corn Borer
synthetic
Classification according to prior information based on per se performance.
aged across the triple entries of each line, and error mean
squares were modified accordingly. All further quantitative
genetic analyses were based on the reduced data set pertain-
ing to the materials produced from the 20 inbreds listed in
Table l: 21 crosses in Sets 1 and 4, 15 crosses in Set 2, 10
crosses in Set 3, and the various generations derived from
these 67 crosses.
Yield data were analyzed across environments by using
two genetic models that consider all effects as fixed (except
environments and their interactions with all other types of
effects). Diallel analyses were performed with the FI data of
each set to estimate GCA and SCA effects (Griffing, 1956:
Method 4, Model I). The respective mean squares were used
for estimating variance components of these effects and their
interactions with environments, as defined and described by
Scheffe (1959). The model suggested by Eberhart and Gard-
ner (1966) was used to partition the variation among gen-
eration means of all entries in each diallel set into cumu-
lative additive (a~, average heterosis (~), line heterosis (hi),
specific heterosis (sij), and additive X additive (aaij) epistatic
effects. The sums of squares were obtained by sequentially
fitting more complex models. Estimates of the parameters,
including the line mean (/~) and heterosis (Hij = ~ + hi 
hj + sij + aai~, were obtained from the least-squares solution
of the full model.
The 20 inbreds were analyzed for their respective RFLP
patterns. Equal quantities of leaf tissue harvested from five
seedlings per line were lyophilized and bulked. The DNA was
isolated according to the procedure described by Saghai-Ma-
roof et al. (1984); DNA was subsequently digested with two
restriction enzymes (EcoRI and HindIII) according to man-
ufacturer’s instructions, electrophoresed on neutral agarose
gels, and transferred to nylon membranes according to the
methods described by Helentjaris et al. (1985), Eighty-two
genomic clones were selected from collections of mapped
maize clones (Helentjaris, 1987; Coe et al., 1988; Burr et al.,
1988) provided by T. Helentjaris (Native Plants, Inc., Salt
Lake City, UT), D. Hoisington (University of Missouri, Co-
lumbia, MO) and B. Burr (Brookhaven National Labora-
tory, Upton, NY). The clones were selected on the basis of
their single-copy hybridization patterns (detecting differ-
ences for one band per line) and to provide at least three
clones per chromosome arm (Table 2). Clones were radiol-
abeled to ~ 16 MBq ~g-i DNA by random primer synthesis
of isolated inserts (Feinberg and Vogelstein, 1983). Hybrid-
ization, washing, and autoradiography were carried out as
described by Helentjaris et al. (1986).
Scoring of the RFLP patterns on autoradiographs to assign
RFLP variant designations was performed as described by
Lee et al. (1989). (Deviating from these authors, we used
the term variant instead of allele, because the allelic nature
of the RFLP banding patterns had not been proved explicitly
in most instances.) Each clone-enzyme combination was
considered as a locus and each unique RFLP pattern as a
distinct variant. Data analysis was performed on a data set
that represented only one enzyme per clone, by selecting the
restriction enzyme that yielded the greatest number of po-
lymorphisms for a given clone. The lines were all highly
inbred, with ~=LP patterns or phenotypic appearance show-
ing no evidence of remnant heterozygosity or seed-stock
contamination. Seed sources used for the RFLP analyses had
been maintained from the original stocks in cold storage by
carrying out one generation of selfing and rogueing for off-
type plants about every 10 yr.
Genetic distances among all possible pairs of inbreds in
each diallel set were estimated from the Rogers’ distance
equation (Rogers, 1972):
L Ak
RDij = ~ [1/2 ~ (Pikn -- Pjkn)2]l/2/L,
k-1 n-I
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where L is the number of RFLP loci, Ak is the number ofRFL~’ variants at the kth RFLP lOCUS, and Pik~ and Pjkn are the
frequencies of the nth RFLP variant at the/ah RFLP lOCUS in
inbreds i and j, respectively. For pure-breeding lines as used
in the present study, the RD corresponds to the proportion
of heterozygous RFLP loci in the cross. Apart from a constant
factor, the RD is identical to the diversity indices used by
Hunter and Kannenberg (1971) and Hadjinov et al. (1982)
and the allozyme-related measure of Frei et al. (1986).
By methodology analogous to Gritfing’s (1956) Model 
of Method 4, the RD values associated with the crosses in
each set were partitioned into GRD and SRD according to the
following equation:
RDIj = RD ÷ GRDI + GRDj ÷ SRD~i
with ~GRDi = O, ~ SRD~j -- 0 for j = 1 ..... N; where N
i
denotes the total number of lines in the set and indices i
and j refer to the respective inbreds.
A large positive or negative GRD indicates that a line pos-
sesses many alleles that occur at a low or high frequency,
respectively, in the other lines. A large positive or negative
SRD indicates that the respective cross is more heterozygous
or less heterozygous, respectively, than expected from the
average heterozygosity of its parents in cross combinations
with all other lines in the set. In particular, negative SRD
values would be expected for crosses between related lines.
Simple correlations were calculated for RD and SRD with FI
yields and various parameters estimated from the diallel and
Eberhart-Gardner (1966) analyses across environments for
each set separately and pooled across sets.
Associations among the lines in each set were determined
from cluster analysis on the basis of modified Rogers’ dis-
tances (MRD), which were calculated by using the formula
presented by Goodman and Stuber (1983). The MaD was
preferred to RD, because it represents Euclidean distances,
which is a prerequisite for most clustering methods. For
pure-breeding lines, the MRD is simply the square root of
the RD. Ward’s (1963) minimum variance method was used
for hierarchical clustering. In this method, the clusters
merged at each stage are chosen so as to minimize the in-
crease in the total within group sum of squares.
Computations were performed using SAS procedures
(SAS Institute, 1988).
RESULTS
Eighty-one of the 82 probes employed in this study
detected RFLP among the 20 lines for at least one of
the two restriction enzymes. The average number of
variants per RFLP lOCUS was 4.5 for the entire genome
and ranged from 3.6 for Chromosome 9 to 5.7 for
Chromosome 3 (Table 2). An average of about three
variants per RFLP lOCUS was found in each set. Differ-
ences among sets in the average number of variants
per RFLP lOCUS were fairly small for all 10 chromo-
somes.
A summary of the RD values for individual sets and
all 67 crosses is shown in Table 3. The RD of all crosses
averaged 0.63 and ranged from 0.42 for cross B39 ×
B44 to 0.75 for cross A619 × B57. The mean RD was
almost identical for all four sets, but the range and
standard deviation of RD values was smaller in Set 1
than in the other sets. The multiple correlation coef-
ficient (R2) for the partition of RD into GRD and SRD
indicated that ,~40% of the variation among RD
within each set was explained by GRD.
Dendrograms obtained from cluster analyses of
MRD are presented in Fig. 1. Two main clusters were
Table 2. Number of probes and average number of restriction frag-
ment length polymorphism (RFLP) variants per probe associated
with each of the 10 chromosomes in the maize genome for each
of the four diallel sets and for all 20 lines included in this study.
RFLP variants per probe
All 20
Chromosome Probes Set 1 Set 2 Set 3 Set 4 lines
no.
l 11 3.2 2.8 2.5 2.9 4.3
2 9 3.1 3.2 3.1 3.2 4.8
3 7 3.2 2.7 2.8 3.2 5.7
4 9 3.1 2.5 2.3 3.2 4.2
5 8 3.1 2.9 2.8 2.9 3.8
6 9 3.6 2.9 2.7 3.2 4.4
7 7 4.0 3.4 3.0 3.7 5.0
8 7 3.4 2.6 2.4 3.4 4.7
9 7 2.3 2.6 3.0 2.7 3.6
10 8 3.5 3.3 3.0 3.3 4.9
Tot~ 82 3.2 2.9 2.8 3.2 4.5
Table 3. Statistical characteristics of Rogers’ distance between the
parent lines of all maize crosses, with coefficient of determination
(R2) for general Rogers’ distance (GRD)~ in the four diallel sets~
and for all crosses combined.
All 67
Statistic Set 1 Set 2 Set 3 Set 4 crosses
Mean 0.64 0.63 0.63 0.62 0.63
Minimum 0.53 0.47 0.47 0.42 0.42
Maximum 0.70 0.72 0.75 0.69 0.75
S.D. 0.046 0.062 0.073 0.063 0.060
R2 (GRD) 0.40 0.38 0.41 0.37 --
~" Set 1 = first-cycle lines; 2 = second-cycle; 3 = good lines; 4 = poor lines.
formed in Set 1: (i) the two Lancaster lines L289 and
L317; and (ii) the five remaining lines from the Reid
Yellow Dent heterotic pattern. In Sets 2 and 3, A619
and B55 formed a cluster clearly separated from the
other lines. Although both B14 and B37 in Set 2 orig-
inated from the BSSS population, each line was first
aggregated with lines from other sources before being
grouped together. The lines of Set 4 fell into two dis-
tinct groups: (i) the BSSS-related lines B39, B44, and
B38; and (ii) the remaining four lines of diverse
origins. On the basis of the semipartial R2 values as-
sociated with the four dendrograms, cluster analyses
did not reveal a close relationship between any lines
except for B39 and B44 in Set 4.
Generation means for grain yield were averaged
across environments and crosses within each set and
for all 67 crosses (Table 4). Mean grain yield for the
F~ crosses and parent lines averaged 6.91 Mg and 2.48
Mg ha-~, respectively. Differences in F~ means among
sets were fairly small, but differences in parent line
means were considerably larger. As expected, poor
lines (Set 4) yielded worst and good lines (Set 
yielded best. Likewise, first-cycle lines (Set 1) yielded
30% less than second-cycle lines (Set 2). The back-
crosses significantly (P < 0.01) outyielded the F2 
all sets by ~-0.30 Mg ha-1 and the backcrosses selfed
also yielded consistently better than the F3, indicating
the presence of epistatic effects.
Estimates of GCA and SCA variance components for
grain yield were highly significant (P < 0.01), with the
exceptions of GCA variance in Set 1 and SCA variance
in Set 3 (Table 5). The SCA variances were smaller
than GCA variances, except in Set 1. The GCA × en-
vironment interaction variance was highly significant
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(P < 0.01) in three sets, but the SCA X environment
interaction variance was significant (P < 0.05) only
in a single set.
Analysis of generation means according to the Eber-
hart-Gardner (1966) model showed significant varia-
tion due to additive (a~) and average heterosis (h) 
fects for all four sets (Table 6). Line heterosis (hi) 
additive X ~dditive (aaij) effects were significant in 
sets except Set 1, and specific heterosis (sij) effects were
significant tbr all except Set 3. Deviations from the
complete model were highly significant (P < 0.01) for
all sets. The R2 values for the nonepistatic model (u,
a~,, h, hi, sij) were 0.93 for all sets and increased by
0.01 or 0.02, if the model was extended to include
additive × additive effects. Interactions of genetic ef-
fects with environments were significant, except for
additive × additive effects in Sets 1 and 3,
Average heterosis ranged from 3.89 Mg ha-~ for Set
3 to 5.61 Mg ha-~ for Set 4 with intermediate values
for Sets 1 and 2 (Table 6). Estimates of additive 
additive effects averaged across all crosses in each set
were consistently negative and highly significant (P 
0.01), with the exception of Set 1.
Simple correlations of RD and SRD with various pa-
rameters estimated from the diallel and generation
means analyses for individual sets and all 67 crosses
Table 4. Generation means (_+ SE) for grain yield in maize~ averaged across environments and for crosses within each diallel set.)
Average of
Generation Set 1 Set 2 Set 3 Set 4 67 crosses
Mg ha-~
F1 6.71 _+ 0.07 7.13 _+ 0.08 6.71 ± 0.08 7.04 ± 0.08 6.91 + 0.04
F~ 4.29 ± 0.07 5.03 _+ 0.06 4.88 + 0.05 4.35 ± 0.05 4.58 + 0.03
BC~ 4.56 ± 0.04 5.40 ± 0.05 5.11 ± 0.05 4.70 ± 0.05 4.89 + 0.02
Fa 3.30 ± 0.06 3.80 ± 0.06 3.83 ± 0.06 2..96 ± 0.05 3.42 ± 0.03
BS§ 3.37 ± 0.05 3.90 ± 0.05 4.00 ± 0.04 3.06 ± 0.05 3.52 + 0.02
Parents 2.15 ± 0.15 3.03 ± 0.14 3.20 _+ 0.18 1.73 ± 0.15 2.48 ± 0.08
Set 1 = first-cycle lines; 2 = second-cycle; 3 = good lines; 4 = poor lines.
Averaged for backcrosses to both parents (BC1 and BC2).
Averaged for selfed baekcrosses to both parents (BSI and BS2).
Set 1 (1st-cycle lines)
Hy
1159
Wf9
1205
38-11
L289
L317
o.h5 o.ho o.~5 o.’~o o.’~ o.~o o.b~ o;o
SEMI-PARTIAL R-SQUARE
o.~s o.~o
Set 2 (2nd-cycle lines)
o.i~ o.lo o.’~5 o.~o o.b~
SEMI-PARTIAL R-SQUARE
A619
B55
B14
B54
B37
B50
o~o
Set 3 (Good lines) Set 4 (Poor lines)
A619
B55
B46
B50
B57
B38
B39
B44
B52
L289
B54
R177
o.~ o.ho o.~ o.~o o.’~s o3o o.bs olo o.~s o.ho o.hs o.~o o.’~s 030 o.~
SEMI-PARTIAL R-SQUARE SEMI-PARTIAL R-SQUARE
Fig. 1. Association of inbred lines in each set revealed by cluster analysis of modified Rogers’ distance (MR])) estimates calculated from
data.
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are presented in Table 7. Correlations of RD and SRD
with F~ performance, heterosis, and specific heterosis
were all positive and mostly of moderate size. The SCA
and specific heterosis were more closely correlated
with SRD than RD, but all other correlations with
either RD or SRD varied little. For all crosses com-
bined, correlations were highly significant (P < 0.01)
for RD with F~ performance, SCA, and specific heter-
osis, ranging from 0.32 to 0.39. The greatest correla-
tion of SRD was with SCA and specific heterosis (r 
0.50). Heterosis correlated poorly with both RD and
SRD. No consistent trend was found for correlations
of additive X additive effects with RD and SRD.
DISCUSSION
Results of earlier studies suggest that the number of
polymorphisms detectable in maize by RFLPs is very
high (Helentjaris et al., 1985; Evola et al., 1986). Our
results from the RFLP analyses of 20 inbred lines (Ta-
Table 5. Variance component estimates~ of general (GCA) and spe-
cific combining ability (SCA) effects for grain yield in maize, ob-
tained from the combined analyses of variance of the FI data in
each diailel set.:~
Variance§
component Set 1 Set 2 Set 3 Set 4
¢~c^ 0.006
#~cA 0.150"*
¢~c^ x~ 0.203**
¢~c^xE -0.051
Mg h~1
0.191"* 0.450** 0.296**
0.127"* -0.027 0.151"*
0.023 0.095** 0.108"*
0.079 0.194 0.136"
0.35
*,** Significant at the 0.05 and 0.01 levels of probability, respectively.
The variance components for the fixed effects (GCA, SCA) were defined
and estimated according to Seheffe (1959, p. 264).
Set 1 ffi first-cycle lines; 2 = second-cycle; 3 = good lines; 4 = poor lines.
~2 = variance; E ~ environment; e ffi experimental error.
ble 2) confirmed these results. More than 98% of the
DNA probes revealed polymorphisms with at least one
of the two restriction enzymes tested. In most in-
stances, several variants were found at a single gFLP
locus, the maximum being 13. Similar findings were
reported in a recent RFLP study of 16 progenitor lines
of the Bsss maize population (Lee et al., 1990). They
found an average of four variants per RFLP lOCUS, and
98% of the 58 DNA probes detected polymorphisms
with at least one out of two enzymes tested. By con-
trast, only about half as many alleles per locus gen-
erally were found in comparable studies with iso-
zymes (Hunter and Kannenberg, 1971; Heidrich-
Sobrinho and Cordeiro, 1975; Hadjinov et al., 1982).
Table 7, Simple correlations of Rogers’ distance (RD) and specific
Rogers’ distance (SRD) calculated from RFLP data of the parent
lines of maize, with various Y-parameters estimated from the anal-
yses of generation means of the four diailel sets for grain yield.
All 67
Parameter Y Set 1 Set 2 Set 3 Set 4 crosses
r (RD,Y)
F~ performance 0.29 0.25 0.54~" 0.42~" 0.32**
SCA effects§ 0.23 0.51" 0.42 0.43* 0.39**
Heterosis (H~)¶ 0.19 0.47~’ 0.70* 0.46* 0.21~
Specific heterosis
(s~)¶ 0.07 0.50~ 0.50 0.53* 0.38**
Epistasis (aa~)¶ -0.31 0.20 -0.11 0.35 0.16
r (SRD,Y)
F2 performance 0.23 0.36 b.54~" 0.20 0.29*
SCA effects 0.30 0.65** 0.71" 0.43* 0.50**
Heterosis (H~¶ 0.10 0.27 0.69* 0.27 0.22~"
Specific heterosis
(s~¶ 0.08 0.62* 0.82** 0.60** 0.50**
Epistasis (aa~)¶ --0.25 -0.22 -0.12 0.11 --0.04
*,**,~" Significant at the 0.05, 0.01, and 0.10 levels of probability, respectively.
Set 1 ffi first-cycle lines; 2 ffi second cycle; 3 = good lines; 4 = poor lines.
Specific combining ability.
Estimated from the Eberhart-Gardner (1966) analysis.
Table 6. Mean squares, coefficients of determination (R2), and estimates of genetic effects obtained from the combined analyses of variance
of generation means in each diallei set’f of maize, after the Eberhart-Gardner (1966) model for grain yield.
Mean squares
df~
Source Set 1 Set 2 Set 3 Set 4
Environments (E) 4 168.98"* 139.31"*
Genotypes (G) 153 (110,74) 7.96"* 8.10"*
Lines (a~) 6 (5,4) 6.28* 10.27"*
Average heterosis (~) 1 (1,1) 1060.00"* 733.91"*
Line heterosis (h-J 6 (5,4) 2.53 6.65**
Specific heterosis (s~) 14 (9,4) 1.80"* 1.31"
Epistasis (aa~) 21 (15,10) 0.28 0.75*
Deviations 105 (75,51) 0.70** 0.65**
E × G 612 (440,296) 0.47** 0.39"*
E × ~ 24 (20,16) 1.83"* 0.86**
E X ~ 4 (4,4) 9.36** 4.54**
E X hi 24 (20,16) 1.06"* 0.51"*
E × s~ 56 (36,16) 0.38** 0.46**
E × a~ 84 (60,40) 0.24 0.35*
E × deviations 420 (300,204) 0.33** 0.30*
Pooled error 2840 0.25
RZ(~’,~i,h~,s~i) 0.93 0.93
R2(at*,~,[’ii~,aa~) 0.94 0.95
Estimates of genetic effects Mg ha-~
Line mean (~) 2.32** 3.23**
Average heterosis (~) 4.58** 4.62**
Epistasis (~--)§ -0.17
162.53"* 157.96"*
8.39** 12.54"*
14.43"* 31.21"*
520.93** 1528.16"*
1.99"* 5.45**
1.06 2.41"*
0.65* 1.15"*
0.46** 1.08"*
0.50** 0.48**
1.10"* 1.45"*
3.35** 15.16"*
0.41" 0.61"*
0.41" 0.43**
0.31 0.38**
0.25 0.30**
0.93 0.93
0.95 0.94
-0.52**
3.35** 2.00**
3.89** 5.61"*
--0.41"* -0.42**
*,** Significant at the 0.05 and 0.01 levels of probability, respectively.
Set 1 = first-cycle lines; 2 = second-cycle; 3 = good lines; 4 ffi poor lines.
Degrees of freedom in parentheses refer to Sets 2 and 3, respectively.
~ refers to the mean of additive X additive (aa~) epistatic effects in the Eberhart-Gardner (1966) model.
1038 CROP SCIENCE, VOL. 30, SEPTEMBER-OCTOBER 1990
First-cycle lines generally are considered to repre-
sent a broader germplasm source than second-cycle
lines, because of direct derivation from open-polli-
nated populations as opposed to derivation from
crosses of selected inbreds of open-pollinated popu-
lations. A comparison of the average number of var-
iants in each set (Table 2) did not support this hy-
pothesis; however, because each set contained only a
small sample of lines, our findings may not be rep-
resentative for the source populations of these lines
or for other materials.
The markedly richer array of polymorphisms re-
vealed by RFLP, as opposed to isozyme, techniques is
substantiated by the magnitude of the RD values. In
harmony with results from two other RFLP studies
(Lee et al., 1989; Godshalk et al., 1990), the RD values
reported here (Table 3) were substantially greater than
those found in comparable isozyme studies (Hadjinov
et al., 1982; Frei et al., 1986).
Cluster analyses of RFLP data (Fig. 1) produced as-
sociations among lines that largely agreed with those
expected from pedigree information. Lines A619 and
B55, which had the maximum (0.19) coefficient of kin-
ship (Malecot, 1969) among all 67 crosses, formed the
first cluster in Sets 2 and 3, and also had the second
smallest RD (0.47). Likewise clustering of lines B44,
B39, and B38 in Set 4 reflected exactly the degree of
relatedness between these lines, all three being derived
from Cycle 0 of Bsss. In contrast, lines I159 and I205
in Set 1 and B14 and B37 in Set 2 deviated from this
pattern, in that common origin did not result in joint
first clustering. Minor discrepancies between diversity
measures using molecular markers and coefficients of
kinship were also reported by Smith and Smith (1988)
and Lee et al. (1989). They pointed out that predic-
tions of relationship based on the coefficient of kin-
ship may be inadequate, because the underlying
model assumes equal parental contributions and no
selection. Altogether, our results do support the con-
clusions of Lee et al. (1989) that RFLPs can be utilized
to investigate relationships among maize inbreds and
to assign lines of unknown genetic background to their
respective heterotic groups.
The partition of RD values into GRD and SRD pro-
vides additional information about the genetic diver-
sity of the lines in each set. The GRD consistently ex-
plained less of the variation among RD values than
SRD (Table 3). In accordance with the results from the
cluster analyses, this indicates that none of the sets
included subgroups of lines that were extremely di-
verse from all other lines in the set.
In agreement with our finding of similar average-
heterosis values for first-cycle and second-cycle lines,
Meghji et al. (1984) also found that single-cross hy-
brids of maize representative of the decades 1930 and
1950 displayed similar inbreeding depression. In con-
trast to these results, Lamkey and Smith (1987) re-
ported that inbreeding depression for yield has stead-
ily increased during the last six decades of hybrid
breeding in maize.
The average of the estimates of additive × additive
effects (Table 6) amounted to approximately -6% 
the FI yields for all sets except Set 1, which is in good
agreement with the results from Eberhart and Gardner
(1966) and Melchinger et al. (1986). The negative 
timates of additive × additive effects suggest the pres-
ence of gametic disequilibrium due to accumulation
of favorable epistatic gene combinations in the parent
lines (Melchinger, 1988). These gene combinations are
at least partly disrupted by recombination in the F2
and F3 generations, but to a lesser degree in the BC
and BS generations, which explains the greater yield
of the BC and BS vs. F2 and F3, respectively (Table
4). However, other types of epistatic effects may also
cause discrepancies between the means of these gen-
erations. The absence of significant additive × addi-
tive effects in Set 1 (Table 6) suggests that the first-
cycle lines were closer to gametic equilibrium and/or
contained fewer favorable epistatic gene combinations
than the other lines. This is consistent with previous
results from the generation mean analyses of our ma-
terials, after the model of Hayman (1958), reported
by Darrah and Hallauer (1972). These authors also
found evidence for presence of additive × domi-
nance, dominance × dominance, and higher-order
epistatic effects, in harmony with the significant de-
viations from the complete Eberhart-Gardner (1966)
model in all sets (Table 6).
Although highly significant, the correlation between
RD and F~ yield (Table 7) was too small (r = 0.32) 
be useful for single-cross performance prediction.
Moreover, when only crosses between unrelated lines
were considered (corresponding to RD > 0.54), hardly
any association between RD and F~ grain yield (Fig.
2A) was apparent. This result is in accordance with
findings from other RFLP studies (Lee et al., 1989;
Godshalk et al., 1990) and suggests that inadequate
coverage of the genome was not the major cause for
the small correlations between hybrid yield and ge-
netic diversity measures obtained in most isozyme
studies.
Compared to the high correlation of SCA with MRD
(r = 0.74) reported by Lee et al. (1989), our 
showed a considerably smaller correlation of SEA with
RD (r ---- 0.39). This discrepancy could be attributable
to the different types of materials investigated. Lee et
al. (1989) studied crosses of lines among and within
heterotic patterns, whereas the present study (with few
exceptions) included only crosses among lines from
different sources.
Rogers’ distance was moderately correlated with
heterosis in all sets except Set 1 (Table 7); but across
all crosses, the correlation was fairly small (r = 0.24).
This is because all sets had similar means for RD but
differed substantially in their average heterosis (Table
6) and heterosis estimates (Fig. 2B).
One reason for the poor association between RD and
heterosis in crosses of unrelated lines could be that
using the RD determined from arbitrarily chosen RFLP
loci tO estimate the average heterozygosity of quan-
titative trait loci (QTL) affecting yield may be inac-
curate. In particular, if important QTL for yield were
located only in certain chromosomal segments, and
these regions differed among crosses, as suggested by
recent studies with maize (Stuber et al., 1987; Stuber,
1989), the RD calculated from a set of RFLP Ioci uni-
formly distributed throughout the genome might
prove unsuitable to predict the actual heterotic re-
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sponse. Moreover, successful estimation of the het-
erozygosity at QTL presupposes the presence of a high
level of gametic disequilibrium between QTL and
markers in their vicinity. Because extreme gametic
disequilibrium is more likely to be found in inbred
lines developed by intensive selection from crosses be-
tween elite lines than in materials developed from ran-
dom-mated populations, the smaller correlations for
first-cycle lines (Table 7) may be expected.
Another reason for the poor association between RD
heterotic response might be that heterosis is not
closely related with the average degree of heterozy-
gosity at QTL for grain yield because of differences in
the average degree of dominance. This could be due
to different loci affecting yield expression in different
crosses or to loci with multiple alleles (or both). Sup-
port for this hypothesis is obtained from comparison
of good lines with poor lines; they had almost identical
mean RD values (Table 3) but differed substantially 
average heterosis (Table 6). Epistasis may also reduce
the correlation between heterosis and average heter-
ozygosity, but subtraction of additive × additive el-
fects from estimates of heterosis did not produce
higher correlations to RD.
Our reason for partitioning the RD into GRD and
SRD was to improve the prediction of SCA and specific
heterosis. Based on the linear partition of heterosis in
the Eberhart-Gardner 0966) model, specific heterosis
should be more closely associated with SRD than with
RD. By using the parameter definitions of Eberhart
and Gardner (1966), specific heterosis can be shown
to be a linear function of the SRD for the underlying
QTL, provided all QTL have equal dominance effects.
Because SCA and specific heterosis are identical when
epistasis is absent (Eberhart and Gardner, 1966), one
might also expect a dose association between SCA and
SRD.
In accordance with these quantitative genetic ex-
pectations, SCA and specific heterosis were in all in-
stances more closely correlated with SRD than RD (Ta-
ble 7). Across all 67 crosses, SRD explained 25% of the
variation observed for these effects. But the plots of
SRD vs. SCA or specific heterosis (Fig. 2C, 2D) showed
that SRD is of only limited value for predicting SCA.
1040 CROP SCIENCE, VOL. 30, SEPTEMBER-OCTOBER 1990
In conclusion, the associations of hybrid yield, het-
erosis, and SCA with multilocus heterozygosity of RFLP
loci generally were too weak to be of use as a supple-
mentary tool for predicting the yield performance of
crosses between unrelated lines. According to the re-
sults and rationale presented by Frei et al. (1986), this
does not preclude that RFLP-based genetic distance
measures could be indicative of the yield of crosses
between related lines. But, if the parent lines are un-
related, genetic distance measures based on a large
number of RFLPs uniformly distributed through the
genome are not markedly superior to those based on
a small number of isozymes for the purpose of pre-
dicting hybrid yield. Better marker coverage of the
genome does not by itself seem to provide a clue to
increase the predictive power substantially. Rather, it
seems necessary to employ specific markers for those
chromosomal segments that significantly affect the
expression of heterosis for grain yield. Inasmuch as
studies to detect linkages between RFLP and QTL for
per se and testcross performance are currently being
conducted for various crosses by several research
groups, such information may soon become available.
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